Introduction
Thin-film transistors (TFTs) are the fundamental building blocks for macroelectronics.(1) They are included in a variety of applications but have their largest application in display technology. (2) -(3) Currently, high field-effect mobility TFTs can be manufactured from low hydrogenated amorphous Si (a-Si:H)(3) however these require vacuum-deposition processes and high fabrication costs. TFTs fabricated from organic semiconductor materials display low field-effect mobilities in comparison to the silicon alternatives but offer a more versatile and less expensive range of materials.
Metal oxide TFTs have a greater performance and stability in TFTs than amorphous silicon devices and are more applicable to transparent, flexible displays which are the foundation of next generation, interactive displays.(4)(5) From the metal oxides, zinc oxide (ZnO)-based materials have attracted increasing attention for use in flexible displays because of their higher mobility and lower processing temperature than conventional hydrogenated amorphous Si (a-Si:H) TFTs. (6, 7) Zinc oxide is an material of interest in the area of optoelectronics due to its wide band gap (Eg ~ 3.3 eV at 300 K) (8) , large exciton binding energy (~66 meV) and especially for the variety of methods by which it can be processed (9) . Moreover, ZnO is inexpensive, abundant and readily able to alloy with other metals in the oxide form (10) (11) (12) and has a lattice that can facilitate interstitial doping. (7) This gives ZnO a key role in the area of optoelectronics, metal oxide thin films and thin film transistor (TFT) technologies. (13) As well as their improved characteristics to a-Si:H, metal oxides are investigated for their ability to be fabricated from solution based processes. Solution processes have a number of advantages over high-vacuum and photolithographic methods (14) (15) (16) (17) ; they allow for largescale, homogenous fabrication at low cost and offers a high degree of compositional control. (18, 19) It is crucial that high crystal quality epitaxial-like thin films can be formed from solution processing to compete with physical deposition methods.
We demonstrate that crystalline, epitaxial-like and highly ordered ZnO thin films can be achieved from a precursor liquid at relatively low temperature via spin-coating. The synthesised films are smooth, stoichiometric ZnO. An iterative layer-by-layer coating schematic is employed to demonstrate the effects of creating a multi-layered thin film on structure, morphology as well as the surface and internal defects. Characterisation of the crystallinity, morphology, O-vacancy formation, stoichiometry and surface roughness was determined through X-ray diffraction, scanning and transmission electron and atomic force microscopy, X-ray photoelectron and photoluminescence spectroscopy.
Experimental
Zinc oxide thin films were synthesised from zinc acetate dihydrate [Zn(CH3COO)2.2H2O]. The acetate powder was dissolved in 2-methoxyethanol [CH3OCH2CH2OH] to make a 0.75 M solution. An equimolar solution of monoethanolamine (MEA) was added to the zinc precursor as a stabilising agent. All chemicals were purchased from Sigma Aldrich. The precursor was heated at 60 o C for 2 h and stirred until a clear, colourless solution is obtained. For comparative analysis, films were also produced from a precursor liquid made by dissolving zinc oxide [ZnO] powder in 28% ammonium hydroxide [NH4OH] to achieve concentrations between 0.01M and 0.1 M. Controllably thin and smooth films were prepared by a spin-coating technique. Using a SCS G3 desktop spin coater, ZnO precursor solution was added dropwise to cover substrates and were spun at 3000 rpm for 30 s, including a 5 s ramp time. Thin films were deposited on doped p-type silicon substrates that were covered with a 300 nm thick layer of thermally grown SiO2. Substrates for spin coated samples were cut into square coupons of nominal dimension 1 cm × 1 cm to ensure even coverage as the samples are rotated about a perpendicular symmetric axis. An acetone, IPA and DI water wash combined with sonication was used to ensure that the surface of the wafers were clean of surface contaminants prior to thin film deposition. A UV-Ozone treatment was performed for 30 mins using a Novascan UV ozone system to further remove any organic contaminants from the surface. After a layer of precursor was spin coated, samples were dried in an open-air convection oven at temperatures between 250 -270 o C for 5 min. Another layer of liquid precursor was then spun onto the surface followed by more oven-drying. This process was then repeated a number of times to acquire the desired number of deposited layers and the samples were subsequently annealed at 300 o C for 1 hr as a final heat treatment.
Surface morphology of prepared thin films was investigated using Atomic Force Microscopy (AFM) using a Park XE-100 system in non-contact mode with model SSS_NCHR enhanced resolution high aspect ratio tips. The XY and Z resolutions of the AFM stepper motor drives are ~ 2 nm and ~0.05 nm respectively. From AFM data, the root mean square (rms) roughness of the ZnO film surfaces were determined for single-and multi-layer samples.
Transmission electron microscopy (TEM) was conducted on lamellar cross-section of the ZnO thin films on SiO2/Si. Cross-sectioning of the Si electrodes was carried out with an FEI Helios Nanolab Dual Beam FIB System. Cross-sectional TEM sample preparation was performed on slices using a standard FIB lift-out technique. TEM analysis and electron diffraction was conducted using a JEOL JEM-2100 TEM operating at 200 kV. X-ray diffraction (XRD) was used to characterise the crystallographic structure of the single and multi-layer ZnO films after spin coating deposition. XRD analysis of ZnO films was performed using a Philips X'Pert PW3719 diffractometer using Cu Kα radiation (40 kV and 35 mA) scanned between 10 -80° (2θ).
The chemical bonding state of the top surface and effective conductivity type were determined by X-ray photoelectron spectroscopy, using a Kratos Axis 165 equipped with a monochromatic Al source (Kα = 1486.58 eV) with a spot size of 1 mm. The source power was 150 W, the take-off angle was set normal to the sample surface, the construction and peak fittings in the narrow region core-level spectra were performed using a Shirley type background. Adventitious carbon was used for the charge reference (C 1s) for each measurement. Photoluminescence (PL) spectroscopy was used to probe the electronic structure of the spin coated ZnO thin films. Band-edge and sub-band PL emission was carried out at room temperature using a 325 nm He-Cd laser excitation source with power density of 2 W/cm 2 . PL spectra were recorded using a Horiba iHR320 spectrometer equipped with a thermoelectrically cooled Synapse CCD matrix.
Results and discussion
FIB-thinned lamella of deposited ZnO thin films were examined via TEM to determine the internal structure and to investigate if an iterative spin-coating deposition scheme results in a continuous film or periodic lattice formation. The TEM analysis shown in Fig. 2 shows the cross-sectional structure of a single-layer ZnO thin film and a multi-layer quasi-superlattice (QSL) consisting of 20 individually spin-coated layers. The first deposited layer is shown to uniform in thickness across the SiO2 substrate. There is a distinct change in the texture of the crystal growth habit during the sequential process of spin coating additional precursor material and the associated heat treatments. The 20 layer QSL displays a growth preference to the [0002] c-plane direction which is due to the dense capping layer induced by the drying treatments after each spin-coat. The partially porous layer between these iterative capping layers corresponds to the m-plane reflections still present in the multi-layered film's diffraction pattern. The absence of the other reflections seen in the polycrystalline ZnO pattern acquired from a heated drop-cast powder (inset, Fig. 3 ) confirms an epitaxial-like growth of spin coated films on an amorphous substrate. This suggests that the initial, dried layer of ZnO on the SiO2 forms a template for the directed growth of multi-layer or QSL films; subsequent growth however, and cumulative annealing converts the crystal texture to predominantly c-plane orientation.
Cationic and anionic lattice vacancies are an important constituent of semiconducting oxide layers, and primarily influence the unintentional conductivity type (n-or p-type) of the oxide. Oxygen defects are believed to act as electron donors. Oxygen vacancies in the lattice and hydroxyl groups bound to the surface influence the bulk electronic structure and the electronic nature of the surface or interface to metal contacts. (20) Defects such as these can act as trap sites or donors for charge carriers in the film and are therefore an important factors in the charge carrier mobility. The O 1s core level spectra, shown in Fig. 4(a) , for the single and multilayer samples are asymmetric and comprised of 3 convoluted photoemission peaks. The peaks are centered at ~533 eV, ~531.5 eV and ~530 eV. The lowest energy peak, OL, at 530 eV is assigned to the O 2-ions in the Zn-O lattice bonds and the middle peak, VO, close to 531.5 eV is associated with O 2-ions near oxygen vacant regions. (21) Finally, the highest binding energy peak, OH, is associated with chemisorbed oxygen in the form of hydroxyl groups. (22) Figure 4(b) shows the Zn 2p spin-orbit doublet core level spectra from XPS measurements. The peak at binding energy of ~1022 eV is assigned to the 2p3/2, with ~1045 eV assigned to the 2p1/2 peak. The 2p3/2 photoemission is nearly symmetric and, as well as the ~23 eV binding energy separation between the doublet peaks, can be assigned to the Zn 2+ in the formation of ZnO. (23) As a result of the surface sensitivity of XPS measurements, the consistency of the binding energy and relative intensities of the Zn 2p and O 1s peaks demonstrate that the single and multilayer ZnO thin films have a uniform surface composition. This is believed to be a result of the final annealing step. Lin et al. (24) reported a similar annealing temperature dependence on the concentration of vacancy defects and electron transport in metal oxide semiconductors.
Contrary to the uniformity in the XPS spectra of the top surface of single or 20 QSL thin films of ZnO, the photoluminescence (PL) spectra in Fig. 4(c) shows the various radiative electronic sub-band transitions causing the deep level defect emission from the single-and multi-layer thin films. PL emission from ZnO films is typically due to the presence of intrinsic defects such as Zn or O vacancies and interstitials. The defects which are believed to be the source of the measured emission are noted in Fig. 4(c) . (25) The defect consistency, noted from the surface sensitive XPS measurements, is therefore shown to be only applicable to the sample surface, and not throughout the internal structure of the thin films. This variation in defect type and concentration highlight the impact of heat treatments on the formation and number of intrinsic defects in semiconductor growth. Further work is ongoing to determine the relationship between the volumetric defect density and the crystal orientation of each bilayer in the QSL. The multi-layer QSL system, however, received a significantly larger amount of heat energy from the drying steps of the deposition process, where samples are dried at ~ 260 o C for 5 mins between each iterative spin-coating. These QSL structures show specific green luminescence, recently reported to arise from Zn lattice vacancies dominant in m-plane oriented ZnO. The orange luminescence is attributed to the sublayer of each bilayer in the QSL, which comprises a nanocrystalline granular structure that likely contains significant surface to volume ratio. Atomic force microscopy (AFM) surface scans were taken of the 1 and 20 layer ZnO thin films in order to determine the surface morphology and roughness. Surface roughness is a key characteristic in developing TFT channel materials as it plays a crucial role in contact resistance. Figure 5 shows the 2D and the corresponding 3D representations of the single-and multi-layer topography, post-annealing. These surfaces show no obvious defects over an area of 3 μm × 3 μm. The absence of large grain boundaries in the films is also important to note for viability as an electronic material. The root mean square (rms) roughness of the films, shown in Table 1 , confirm that smooth and uniform thin films can be deposited from liquid precursors using a spin-coating method. During QSL film fabrication, deposition of precursor material for each grown layer occurs on the smooth upper surface of the previous ZnO film (denser capping layers as seen in Fig. 2 ) created during iterative drying stages. This allows the film to maintain a smooth and uniform top surface instead of becoming continuously rougher. Low rms roughness and the absence of large defects and grain boundaries highlight the morphological applicability of these spin-coated thin films as semiconductor channel materials in TFT devices. We also investigated the nature of the starting precursor on the compositional and electronic quality of the ZnO thin film. Figure 6 shows the Zn 2p and O 1s XPS spectra of thin films made from zinc acetate and zinc oxide precursors. The Zn 2p core level spectra, in Fig.  6(a) , show a measured shift of 0.375 eV in the Zn 2p doublet to higher binding energies for samples made from the oxide precursor compared to those from acetate-based precursors under identical conditions. This shift is characteristic of an increase in the carrier density of the ntype conduction for the films made from the oxide precursor.
Number of deposited layers RMS Roughness (nm) 1 0.078 20 0.135
Samples made from the precursor of ZnO solubilized in ammonium hydroxide show relatively higher VO concentrations than thin films from zinc acetate films, shown in Fig. 6(b) . This is believed to be due to the abundance of oxygen present during the formation of the film. The precursor solution is comprised of pure ZnO dissolved in NH4OH and subsequently annealed in air. This is thought to provide more than a sufficient amount of O 2-ions to bond to the Zn 2+ ions in the lattice and leave remaining oxygen ions in the structure at oxygen vacant sites. With both precursor solutions the zinc ions would be the limiting factor for how much oxygen is found in the lattice, OL, and any additional oxygen from the precursor or from annealing in air is found in the films at the oxygen vacancies. The levels of excess oxygen atoms were thought to be higher in the oxygen-rich zinc oxide precursors and therefore have larger VO peaks. This higher O vacancy is representative of increased n-type characteristics in channel materials due to their nature as charge carrier donors, but also an ionized impurity scatterers. Further work is underway to determine the relationship between the composition, VO content and n-type conductivity.
Conclusions
We detailed the growth of crystalline ZnO thin films and quasi superlattices on amorphous substrates with a periodic layered structure from a solution-based precursor via a spin-coating technique. ZnO films are grown from zinc acetate and zinc oxide-based precursors using the same approach. Electron microscopy and X-ray diffraction showed a periodic, epitaxial-like growth for multilayered films with a highly-ordered crystalline growth direction. Surface defect composition and concentration are shown to be consistent regardless of single-layer or QSL formation, with a higher number of deposited layers only affecting the internal electronic defects as measured by photoluminescence. Atomic force microscopy displayed a lowroughness, defect-free surface with no large grain boundaries. The effect of precursor material on the surface defects and electronic properties showed that an excess of oxygen before annealing in an open atmosphere leads to n-type characteristics. Spin-coating of thin films on amorphous substrates is shown to produce materials which are morphologically, compositionally and structurally suited to use as channel materials in TFT devices.
